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involved in the thermal decomposition of DNB, which processes C 2v symmetry. The rate coefficients for the primary decomposition channels for MNB and DNB were quantified as functions of temperature and pressure. In addition, the thermal decomposition of HNN(O) OH fundamental understanding of fuel stability, its decomposition mechanism and key reactions leading to ignition is essential in the design and manipulation of molecular systems for the development of new energetic materials for advanced propulsion applications.
Introduction
In the search for energetic materials for explosives and propellants for military and civilian applications, many compounds have been designed and synthesized to provide increased energy density performance, high thermal stability, and better oxygen balance. For example, because of their high energy densities and excellent detonation properties, azaheterocyclic nitramines like cyclotrimethylene trinitramine (RDX) or cyclotetramethylene tetranitramine (HMX), and nitroaromatics like 2,4,6-trinitrotoluene (TNT) are being used widely. To improve the safety in handling of (traditional) explosives, the search for new energetic materials is certainly merited. RDX and HMX analogues such as mononitrobiuret (MNB, C 2 H 4 N 4 O 4 ) and 1,5-dinitrobiuret (DNB, C 2 H 3 N 5 O 6 ), which preserve the nitrourea moiety in a cyclic structure, have been sought to meet the requirements of increased thermal stability and insensitivity, as well as performance. Klapötke et al.
synthesized and investigated the thermal decomposition of MNB and DNB by thermo-gravimetric analysis and differential scanning calorimetry. 1, 2 MNB was synthesized by nitration of biuret with Distribution A: Approved for public release; distribution unlimited 3 HNO 3 /H 2 SO 4 , and DNB was obtained by the treatment of MNB with 100% HNO 3 using a modified procedure of Thiele, 3 with an overall yield of 46% from the starting biuret. 1, 4 They observed that both MNB and DNB were white solids and MNB decomposed without melting at 153 o C, while DNB exploded when heated above 127 o C. In addition, DNB was observed to be impact and heat sensitive, had a density of 1.859 g/cm 3 , and detonated strongly without an oxidizer in a steel-sleeve test after 4 seconds. 2 Furthermore, they found that MNB and DNB showed distinctively different thermal behaviors, i.e., MNB had a significantly higher decomposition temperature than DNB, and as such, was found to have better thermal stability. Using mass spectrometry and IR spectroscopy, they identified the gaseous products from the decomposition of MNB and DNB, and proposed a reaction scheme to interpret their observations. In particular, they suggested that the thermal decomposition of MNB and DNB is initiated by the release of nitramine (NH 2 NO 2 ), which decomposes to dinitrogen oxide (N 2 O) and water. After this initiation step, the residue of MNB decomposes directly into two isocyanic acid (HNCO) molecules, while the residue of DNB leads directly to HNCO, N 2 O and CO 2 .
Recently, quasi-classical direct dynamics trajectory simulations have been performed to get a better understanding of the decomposition mechanism in DNB. 5, 6 In these studies, the elimination of HNNO(O)H intermediate via a concerted mechanism was identified as the dominant channel for DNB thermal decomposition. It is to be noted that HNNO(O)H is an isomer of NH 2 NO 2 that has a geometry in which the OH group is trans to the NH group along the N-N bond and trans to the N=O group along the N-OH bond.
To further understand the thermal stability and explosive behavior of MNB and DNB, we have investigated here their thermal decomposition reaction mechanisms using advanced ab initio quantum chemical kinetics theories. In this paper, we present the molecular structures of MNB and Distribution A: Approved for public release; distribution unlimited 4 DNB starting with the backbone structure of the biuret molecule to elucidate structure-dependent molecular properties. Conformational isomerism and molecular properties of the conformers were analyzed to understand their solid-state stabilities. The potential energy surfaces (PESs) for the thermal decomposition of MNB and DNB molecules and intermediates were characterized to interpret products formation, as well as previous pyrolysis experiments. 1 Temperature and pressuredependent rate coefficients were calculated using microcanonical transition state theory with master equation simulations to provide quantitative interpretations of the thermal stability, products formation and explosive behavior.
Theoretical Methodologies

Molecular Structures and PESs
MNB and DNB are poly-nitrogen and poly-oxygen containing molecules. For such systems, non-covalent interactions from electrostatics as well as dispersion play an important role in determining both the structure and energy. It is recognized that the popular density functional such as B3LYP fails to accurately represent London dispersion interactions. 7 However, on the other hand, the new functional such as the M06-2X, 8 which is a global hybrid functional with 54% HF exchange functional, has been proved highly successful for calculating non-covalent and dispersion interaction energies in neutral molecular systems, as well as for situations involving large molecules and also in solid-state physics. 9 For the systems studied here, we found that for the species with C s symmetry as observed experimentally in the crystalline state, 1 the molecular structures were planar when using M06-2X optimization, but non-planar with B3LYP optimization. Consequently, for the species involved in the initial decomposition of MNB and DNB, spin restricted or unrestricted M06-2X method with Dunning's augmented correlation-consistent, polarized-valence double- and also triple- basis sets, 10, 11 aug-cc-pVDZ and aug-cc-pVTZ, was applied to optimize the geometries and then to calculate the ro-vibrational frequencies for the species involved in MNB and DNB reaction systems.
As mentioned above and further discussed below, HNN(O)OH is an important intermediate formed directly from the primary channels of MNB and DNB thermal decomposition, which undergoes further decomposition to produce active radicals and stable products. Previously, we have found that multi-reference second-order perturbation theory (CASPT2) 5 predicts remarkably accurate molecular geometries and vibrational frequencies for nitrogen and oxygen containing species. 12 Consequently, the CASPT2 method with aug-cc-pVDZ basis set was applied to optimize geometries and calculate ro-vibrational frequencies for the species involved in HNN(O)OH decomposition. Specifically, the active space for HNN(O)OH isomers, consisting of 12 electrons distributed amongst 9 orbitals was found to be adequate (i.e., four  orbitals including bonding and antibonding pairs of NN and NOH bonds, the  bonding orbitals of N=O double bond, the  antibonding orbitals amongst all the heavy atoms, the delocalized lone pair p orbital on nitric oxygen, the lone pair p orbital on hydroxy oxygen, and the lone pair p orbitals on amino nitrogen and nitric oxygen). For the NO bond fission, the state-averaged active space (4e, 3o) was chosen, which consists of two degenerated p orbitals of OH and the p orbitals of N-atoms. For species of decomposition products on the PESs, the CCSD(T)/cc-pCVTZ and CCSD(T)-F12/aug-cc-pVTZ methods were applied for geometries and ro-vibrational frequencies.
Higher-level single point energies were further obtained from spin restricted coupled-cluster theories with single and double excitations, and correction for triple excitations. The RHF-RCCSD(T)/CBS(TZ,QZ) energies were then extrapolated by the asymptotic form. 13, 14 For nitrobiuret systems, the CCSD(T) calculation with cc-pVQZ basis set is a formidable task, therefore the energies at the cc-pVZ limit were extrapolated by a modified asymptotic form, 15 where the Distribution A: Approved for public release; distribution unlimited 6 RHF-RCCSD(T) calculations employed the cc-pVDZ and cc-pVTZ basis sets, and the RMP2 calculations employed the double- (cc-pVDZ), triplet- (cc-pVTZ) and quadruple- (cc-pVQZ) basis sets. All electronic structure calculations were performed using the Gaussian 16 and MOLPRO 17 quantum chemistry packages.
Temperature and Pressure-Dependent Kinetics
For reaction channels with well-defined transition states, the high-pressure rate coefficients were obtained from transition state theory (TST) employing rigid-rotor harmonic-oscillator assumptions for all degrees of freedom except the torsional ones. Hindered rotor corrections for the torsional modes were obtained from one-dimensional fits to the torsional potentials employing Pitzer-Gwinn like approximations and the I (2, 3) moments of inertia. For PESs consisting of multiple, interconnected potential wells and multiple product channels, the phenomenological thermal decomposition rate coefficients were determined by using Rice-Ramsperger-Kassel-Marcus (RRKM) theory together with the multi-well master equation simulations developed by Miller and Klippenstein, [21] [22] [23] which are implemented in the VARIFLEX code. The Lennard-Jones parameters for collision rates of MNB and DNB were estimated by the group contribution method that correlates the critical temperature of a substance with its normal boiling point and critical pressure. 
Results and Discussions
Molecular Structures of MNB and DNB
For the MNB and DNB samples used in the pyrolysis experiments, 1 the materials were characterized by IR, Raman and NMR spectroscopy, and single crystal X-ray diffraction. It was reported that crystalline DNB had a planar structure with C 2v symmetry. 2 For MNB, the crystal structure was found to have a non-planar structure, in which the nitramine moiety was slightly rotated out of the biuret backbone plane, with a corresponding torsion angle, O−C−N−N(O 2 ) of 157.73°. 4 As the backbone of MNB and DNB, the biuret geometry is crucial in understanding the molecular structures of its substitutes. Biuret has been known to have two conformers; trans and cis, which refer to the two C=O groups that are either trans or cis to each other. Figure 1 shows the geometries of biuret (trans) and biuret (cis) optimized at the M06-2X/aug-cc-pVTZ level of theory.
It is seen that, in biuret (trans), an amine H-atom interacts with its adjacent carbonyl O-atom with an intra-atomic distance of 1.945 Å that forms an intramolecular N−HO hydrogen bond along a sixmember-ring moiety. Furthermore, the molecule is not planer and the dihedral angle between the two C=O groups is 8.48°. While for biuret (cis), the molecular plane is more bent, the dihedral angle between the two C=O groups is 33.62° due to the repulsion between the carbonyl oxygen atoms, where the intra-atomic distance is 2.90 Å. In addition, it was found that biuret (cis) is 11.65 kcal/mol higher in energy than biuret (trans) due to repulsion between the carbonyl oxygen atoms and also due to lack of stabilization via intramolecular H-bonding. The crystal structure of biuret hydrate established by Hughes et al. 28 shows that the biuret molecules lie in slightly buckled sheets, with each molecule being joined to three neighboring molecules by N−HO hydrogen bonds.
Furthermore, the two planar amide fragments (NH 2 −CO−NH) in the biuret molecule are slightly inclined at 5°33' and trans to each other, forming an intramolecular H-bond. Notably, water in the biuret hydrate has some effect on its molecular structure, but a six-member-ring moiety with intramolecular N−HO hydrogen bonding is a key factor for the stability of solid-state biuret.
With this in mind, we found four MNB conformations and three DNB conformations having intramolecular H-bonds and six-member-ring moieties, as depicted in Figures The electronic structure of DNB was recently studied by Dorofeeva et al. 29 by twodimensional B3LYP potential energy scans. They reported two low-energy conformers, named as pseudo-trans (C s ) and pseudo-cis (C 2 ), which differed in energy by 1.8 kcal/mol from the G4 calculations. Figure 3 shows three DNB conformers, DNB (C s ), DNB (C 1 ), and DNB (C 2v ), optimized at the M06-2X/aug-cc-pVTZ level of theory. DNB (C s ) and DNB (C 2v ) are the two lowenergy conformers which are stabilized with two intramolecular H-bonds, which have inter-atomic distances of ca. 1.9 Å. Furthermore, we have found that DNB (C s ) is 1.2 kcal/mol lower in energy compared to DNB (C 2v ), which can be ascribed to two facts: (a) one of its six-member-ring moieties is stabilized with a shorter inter-atomic distance of 1.89 Å between the amino H-atom and carbonyl O-atom, and (b) the inter-atomic distance between the two adjacent nitro O-atoms in DNB (C 2v ) is 3.0 Å, hence repulsion between them increases the energy of C 2v isomer. For DNB (C 1 ), which is a rotamer of DNB (C s ) or DNB (C 2v ), its energy is 8.1 kcal/mol higher than that of DNB (C s ) since it has only one H-bond for stabilization. Notably, other conformers with only one H-bond moiety also exist, but these will not be further discussed here.
As discussed above, these systems contain non-covalent contributions from electrostatic interactions as well as dispersion interactions, which can play an important role for both structures and energetics. In Figures 1-3 , it is seen that the dipole moment is 3.35 and 6.12 Debye, respectively, in biuret (trans) and biuret (cis). For MNB, the dipole moment is 3.21, 1.76, 8.01, and 3.61 Debye, respectively, in C s , C 1 , trans, and cis conformers. For DNB, the dipole moment is 4.60, 4.21, and 0.55 Debye, respectively, in C s , C 1 , and C 2v conformers. Biuret (trans), MNB (C 1 ), and DNB (C 2v ) have significantly smaller dipole moments than their corresponding conformers, which is consistent with the fact that stable biuret, MNB, and DNB exist in the trans, C 1 , and C 2v forms in the solid state as is observed experimentally. Furthermore, the planar MNB (trans), MNB (C s ) and MNB (cis), can be intermediates for a second NO 2 substitution to form DNB (C s ) and DNB (C 2v ).
Due to the larger dipole moment that point towards the H-atom, which is not involved in hydrogen bonding, the DNB (C s ) can undergo a third NO 2 substitution. Yudin et al. 30 studied the nitration process of biuret and nitrobiuret in nitric acid and in mixed acids, and reported that the contents of the product mixture had an equilibrium nature to it, which depended on the acidity of the nitrating mixture and on the amount of nitric acid present. This indicates that the products of MNB and DNB materials synthesized by nitration of biuret could be mixtures of several isomers. 1 
PES of MNB Thermal Decomposition
Theoretical chemical kinetics on the thermal decomposition of MNB has not been reported previously. In this work, the PES for the thermal decomposition of MNB was investigated and the stationary point energies on the PES were calculated at the M06-2X/aug-cc-pVDZ, M06-2X/aug-ccpVTZ, and RCCSD(T)/cc-pV∞Z//M06-2X/aug-cc-pVTZ levels of theory. The zero-point corrected energies at 0 K relative to the global energy minimum of MNB (C s ) are tabulated in Table 1 . Taking the RCCSD(T)/cc-pV∞Z results as a standard, it can be seen that the predictions at the M06-2X/augcc-pVDZ level of theory show remarkable agreement with those of the RCCSD(T)/cc-pV∞Z//M06-2X/aug-cc-pVTZ level of theory for the energy barrier heights, especially for the molecular elimination channels (within 0.1 kcal/mol). However, the discrepancy in the exothermicity is quite large, which can reach up to ± 3.7 kcal/mol. On the other hand, the M06-2X/aug-cc-pVTZ predictions show good agreement with that of RCCSD(T)/cc-pV∞Z, for both the barrier heights and exothermicities. In particular, the discrepancy is within ± 1.0 kcal/mol for the barrier heights, and is within 1.8 kcal/mol for exothermicities, implying that the M06-2X/aug-cc-pVTZ energies are good for larger analogous systems.
The PES of the MNB thermal decomposition characterized at the CCSD(T)/cc-pVZ//M06-2X/aug-cc-pVTZ level of theory is illustrated in Figure 4 , in which reaction channels that have relative energies less than 58 kcal/mol are shown. The lowest energy isomer, MNB (C s ) has three decomposition reaction pathways via: (1) HNN(O)OH molecular elimination, (2) HNCO molecular elimination, and (3) NO 2 elimination. Amongst these three channels, the NO 2 elimination path has a much higher energy barrier than those of the molecular elimination channels, thus making it a less important process at MNB's ignition temperature and below. Hence here, only the molecular elimination channels (1) and (2) are addressed in detail.
First, the thermal decomposition occurs by an intramolecular H-transfer from the central amino H-atom to the adjacent nitro O-atom via TS1 with an energy barrier of 33.99 kcal/mol. TS1 is a six-member-ring transition state with the cleaving NH bond length of 1.577 Å, the forming OH bond length of 1.033 Å, and the CN bond elongated to 2.000 Å (the interatomic distances will be further discussed in Figure 9 ). Consequently, this channel eliminates HNN(O)OH and forms the and is endothermic by 26.61 kcal/mol. Urea was also observed in the MNB pyrolysis experiment with an ion signal at m/z = 60, and was reported to be the precursor for biuret, triuret, tetrauret and cyanuric acid formation. However, urea formation in the MNB pyrolysis experiment was interpreted to be from the gas phase reaction of NH 3 + HNCO, where NH 3 is from the reaction of HNCO + H 2 O, and H 2 O is from the decomposition of NH 2 NO 2 . 1 We note that urea might be formed from these sequential reactions, but direct decomposition from MNB (C 1 ) via TS4 is the primary reaction path from our study.
Ab initio Kinetics of MNB Thermal Decomposition
Based on the above PES, the primary reaction pathways for MNB thermal decomposition are depicted in reaction Scheme 1. The rate coefficients at the high-pressure limit for each of the reaction channels were determined explicitly by micro-canonical transition state theory at the E, J resolved level and fitted over the range 300-2500 K by the following modified Arrhenius expressions with units s As shown in Figure 5 , at the high-pressure limit, k 1 , k 2 and k 3 are comparable at all temperatures. Furthermore, the k ∞ values for elimination of HNCO are similar for C 1 and C s conformers. Below 1200 K, HNCO and HNNO(O)H elimination channels are dominant for both isomers, which is consistent with previous experimental observations. 1 Above 1200 K, NO 2 elimination channel becomes dominant. The elimination of urea is slow but it becomes significant at elevated temperatures.
As shown in Figure 4 , conversion of isolated MNB (C 1 ) into MNB (C s ) can be facilitated by rotation of the C-NHNO 2 bond via TS5. Since the energy barrier for this rotation is only 1.46 kcal/mol, equilibration between the conformers is expected to be fast, and the initial decomposition of DNB can be simplified into a single-well and multiple-channel reaction system for kinetics analysis.
Rate coefficients at a pressure of 1 atm (N 2 ) for MNB (C 1 ) thermal decomposition channels are shown in Figure 6 . Compared to the rate coefficients at the high-pressure limit (shown in Figure 5 ), these decomposition channels have strong pressure dependences. Furthermore, HNNO(O)H and HNCO elimination channels are competitive and dominant below 2500 K, and elimination of NO 2 becomes competitive only above 2500 K. From this we conclude that HNNO(O)H (from R1) and HNCO (from R2 and R3) are the primary products for MNB decomposition at ignition temperatures.
Ab initio Kinetics of DNB Thermal Decomposition
As discussed in section 3.2, the energy barrier heights and endothermicities in the decomposition of the MNB system predicted by M06-2X/aug-cc-pVTZ calculations show remarkable agreement with those predicted from RCCSD(T)/cc-pV∞Z//M06-2X/aug-cc-pVTZ calculations. Consequently, the saddle point energies on the PES for the decomposition of the analogous DNB system were determined by M06-2X/aug-cc-pVDZ and M06-2X/aug-cc-pVTZ levels of theory. The saddle point energies on the PES for the DNB decomposition system listed in Table 2 are relative to the global energy minimum DNB (C s ). Specifically, for the M06-2X/aug-ccpVDZ energies, the zero-point corrections were determined at the same level of theory. For the M06-2X/aug-cc-pVTZ energies, the zero-point corrections were determined at the same level of theory except for the transition states and H-bonded product-complexes, which were determined at the M06-2X/aug-cc-pVDZ level of theory. From Table 2 , it can be seen that the energy barrier heights predicted from these two levels of theory show excellent agreement, but discrepancy reaches to ± 2.1 kcal/mol for reaction endothermicities. Consequently, the M06-2X/aug-cc-pVTZ energies were used for carrying out the kinetics analysis for DNB decomposition.
The PES for DNB thermal decomposition system is shown in Figure 7 . The DNB (C s ) conformer has four reaction pathways, which are similar to that for MNB (C s ). can be achieved by a two-step rotation mechanism 6 as illustrated in Figure 7 , rather than by a single rotation step. 29 It can proceed by rotation of the CNHNO 2 bond via TS9 to the DNB (C 1 ) conformer and then by rotation of the NCONHNO 2 bond via TS10. However, we note that fast equilibrium between the two DNB conformers is not likely due to the need for multiple rotations, which require overcoming higher barriers and larger entropy changes compared to the case present in MNB. Instead, direct decomposition to release HNNO(O)H via the planar transition state, TS8 is kinetically more favorable. Consequently, the primary reaction pathways for DNB thermal decomposition can be described by reaction Scheme 2. The corresponding rate coefficients at the high-pressure limit were determined and fitted to the modified Arrhenius in units of s -1 , which are given below and illustrated in Figure 8 . above 1000 K, but is still smaller than k 9, ∞ at temperatures above 1000 K. Therefore, DNB (C 2v ) has the largest rate coefficients for the primary thermal decomposition channel.
Thermal Instability of DNB Compared With MNB
Klapötke et al. 1 reported that DNB is unstable, heat sensitive, and the energies of activation for decomposition of MNB and DNB were estimated from heat release vs. reaction time to be 51 and 35 kcal/mol, respectively, for which they assumed the rate coefficient followed the Arrhenius rate law and that the decomposition could be considered to occur via a single step. Obviously, the decomposition occurs by multiple steps as discussed above, but nevertheless their work showed DNB to be more unstable than MNB.
Our kinetic analyses show that the rate coefficients for the primary channels for DNB (C 2v ) decomposition are larger than that of MNB, which is mainly due to the correspondingly lower barrier heights. In particular, (1) for intramolecular elimination of HNNO(O)H via a six-memberring transition state, the energy barrier via TS1 is 33.99 kcal/mol for MNB, and the energy barrier via TS8 is 27.39 kcal/mol for DNB(C 2v ), and (2) for the intramolecular elimination of HNCO or NO 2 NCO, the energy barrier via TS2 is 34.66 kcal/mol for MNB, and 31.21 kcal/mol via TS8 for DNB(C 2v ). It was found that the different barrier heights for the same type of reaction can be ascribed to the strength of the H-bonding and the intramolecular distances in the respective transition states. Figure 9 shows the interatomic distances in the transition states TS1 and TS2 (calculated at the M06-2X/aug-cc-pVTZ level of theory), and the interatomic distances in TS7 and TS8 (calculated at the M06-2X/aug-cc-pVDZ level of theory). In TS1, the interatomic distance between the hydroxyl H-atom and the adjacent carbonyl O-atom is 3.012 Å. However, the corresponding interatomic distance is 2.118 Å in the analogous transition state TS8, which in this case is close enough to form an intramolecular hydrogen bond. Consequently, TS8 is stabilized by the H-bonding and therefore has an energy barrier of 6.60 kcal/mol lower than TS1. For the molecular elimination of HNCO from MNB, the transition state TS2 is late, as indicated from the cleaving NH and CN bond lengths, and of the forming OH bond length. However, the molecular elimination of NO 2 NCO from DNB via TS7 is even later due to the strong electron withdrawing effect of NO 2 in the NO 2 NCO fragment, where the cleaving NH and CN bond lengths are 1.920 Å and 2.243 Å, respectively. This is consistent with the energy barrier for NO 2 NCO elimination in DNB of being 3.45 kcal/mol lower than that for HNCO elimination in MNB.
The rate coefficients at atmospheric pressure for the two primary channels in DNB (C 2v ) thermal decomposition are shown in Figure 10 . It can be seen that k 8 for the elimination of HNNO(O)H from DNB is much larger than k 1 for MNB below 1000 K. In particular, k 8 is 2 orders of magnitude bigger than k 1 at 500 K. Since intramolecular elimination of HNNO(O)H is the primary process for both MNB and DNB thermal decomposition, the above comparison provides a quantitative interpretation for the thermal instability of DNB compared to MNB.
Thermal Decomposition of HNN(O)OH Intermediate
As an intermediate directly formed from both MNB and DNB, HNN(O)OH can undergo further decomposition. The thermal decomposition of HNN(O)OH has not been reported in the literature. In this work, the PES for HNN(O)OH thermal decomposition is shown in Figure 11 
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The stationary point energies on the PES for trans-HNN(O)OH (trans) decomposition are listed in Table 3 relative to the NO 2 + NH 2 energy asymptote and compared with recently published data by Klippenstein et al., 34 where the energies were determined by the RQCISD(T)/CBS(QZ,5Z)//B3LYP/6-311++G(d,p) method and higher level (HL) estimates.
Specifically, the HL energies were obtained through the combination of UCCSD(T)/cc-pVTZ rovibrational analysis with UCCSD(T)/CBS(aug-cc-pVQZ,aug-cc-pV5Z) energies, and several additional higher order corrections. From Table 3 , it is seen that the stationary point energies from this work are in excellent agreement with those of Klippenstein et al., 34 with discrepancy between the different methods within ± 1 kcal/mol. It has been reported that the RQCISD(T)/CBS method has uncertainties of ∼ ± 1 kcal/mol, and the uncertainties for the high level (HL) method is on the order of ∼ ± 0.3 kcal/mol or less when multireference effects are not substantial. 34 Notably, we provide here an alternate approach for obtaining high-accuracy geometries, vibrational frequencies, and enthalpy data for this reaction system. 
Conclusions
For the first time, the thermal decomposition mechanisms for mononitrobiuret and 1,5- 
